A lthough the highest technical standards are available in most of the neurosurgical centers specialized in vascular neurosurgery all over the world, the percentage of aneurysm remnants after surgical intervention seems to be relatively constant at between 4% and 8%, as demonstrated in large patient series from specialized centers. 2, 4, 21 Object. Indocyanine green (ICG) videoangiography (VA) in cerebral aneurysm surgery allows confirmation of blood flow in parent, branching, and perforating vessels as well as assessment of remnant aneurysm parts after clip application. A retrospective analysis and review of the literature were conducted to determine the current essential advantages of ICG-VA in aneurysm surgery.
remnants (approximately 4%), 4 as well as the confidence of patients in a surgical solution for their incidental aneurysms, anticipates the need for a tool similar to digital subtraction angiography (DSA) during the endovascular procedure to avoid incomplete occlusion of a clipped cerebral aneurysm or occlusion of parent, branching, or perforating arteries causing subsequent ischemia. In traoperative DSA would be one option to reduce the likelihood of these problems, but it is relatively laborious and time-consuming, is not available in every neurovascular surgical unit, and may add other risks (as high as 2%-3%) to the patient. 13 Additionally, intraoperative DSA cannot demonstrate occlusion of small perforating arteries, which can imperceptibly occur during aneurysm clipping in nearly all of the common locations. 13 As far back as 1967, William Feindel developed fluorescence cerebral angiography at the Montreal Neurological Institute, 3 and Wrobel et al. started to use it for the intraoperative assessment of aneurysm clip placement in 1994. 24 Both had worked with complex and inconvenient camera and filter systems. In 2003, Raabe et al. reported the use of indocyanine green videoangiography (ICG-VA) to assess parent, branching, and perforator vessel patency as well as complete sac occlusion during clip application in intracranial aneurysm surgery performed using the operating microscope. 18 During illumination of the operating field using a near-infrared light source via the operating microscope, ICG is intravenously injected and visualized within the exposed vessels when patent. Since 2003, many investigators have reported several benefits and disadvantages of the method in its widespread applications. Even comparisons with intraoperative angiography have been made, 23 but reports about the application of ICG-VA in large cohorts of consecutive patients are still rare. Thus, we analyzed a large, consecutive aneurysm case series surgically treated with the aid of ICG-VA over the last 5 years and compared our findings with reports in the literature.
Methods

Patient Population
We retrospectively searched our database for all aneurysm cases treated with the aid of intraoperative ICG-VA between 2007 and 2013.
Indocyanine Green Videoangiography and Postoperative DSA
The technical principles of ICG-VA have been described in detail by Raabe et al. [18] [19] [20] For ICG-VA, a bolus of 25 mg of ICG dye (ICG-PULSION, PULSION Medical Systems) was injected via a peripheral vein. The cost of 25 mg of dye for one investigation in Germany is approximately 50€. For visualization, the Zeiss Pentero operating microscope (Carl Zeiss GmbH) with integrated near-infrared ICG angiography (IR800) was used. Intraoperative ICG-VA was performed in all patients without complications. Intraoperative microvascular Doppler ultrasonography examinations were performed immediately before ICG-VA in all patients for testing the patency of parent and distal vessels after clip application, as well as that of the perforating artery. In cases in which parent or branching vessel stenosis or residual aneurysm necks were identified with ICG-VA, the clip position was changed or additional clips were applied and another ICG-VA was performed. Additionally, the clipped aneurysm dome was opened with a fine needle or with scissors in every patient to screen for incomplete clipping. Postoperative DSA was performed in patients when the surgeon was not absolutely sure that the aneurysm was completely occluded. Thus, a selection bias may be added for patients having postoperative angiograms for comparison and may overrepresent the group with incompletely clipped aneurysms despite negative ICG-VA. At the time of data analysis for this study, postoperative DSA was available in 121 patients (52.2%) and retrospectively compared with the intraoperative ICG-VA.
Literature Analysis
A PubMed search was conducted using the key words "ICG," "angiography," "intracranial," and "aneurysm" alone or together.
Results
We investigated 246 consecutive procedures in 232 patients harboring 295 aneurysms surgically treated at our institution with the aid of intraoperative ICG-VA. Patient demographics are given in Table 1 . There were 159 women and 73 men with a mean age of 54 ± 10.4 years (range 16-79 years) with a male/female ratio of 1:2. In 124 procedures, the aneurysm was clipped after acute subarachnoid hemorrhage (SAH); in 122 procedures, incidental aneurysms were treated surgically. During 185 procedures a single aneurysm was clipped: 68 lesions at the anterior communication artery (ACoA), 91 at the middle cerebral artery (MCA), 1 at the pericallosal artery (PA), 16 at the internal carotid artery (ICA), 7 at the posterior cerebral artery (PCA), and 2 at the posterior inferior cerebellar artery (PICA). Furthermore, 47 patients were treated in 61 clipping procedures for multiple aneurysms (110 altogether). The mean diameter of the clipped aneurysms was 6.9 mm (range 2-40 mm). In patients with multiple aneurysms, significantly more MCA and ICA and fewer ACoA aneurysms were detected, as compared with the number in patients harboring single aneurysms (p < 0.05, Student t-test). Altogether, 446 clips were applied, a mean of 1.6 clips per aneurysm in those with a single aneurysm and a mean of 1.5 clips per aneurysm in those with multiple aneurysms.
After performing intraoperative ICG-VA, the clip position was modified in 22 (9%) of the 246 procedures to avoid ischemia, because of stenosis of the parent artery (16 procedures) or occlusion of the perforators (6 procedures), which had not been detected using the microDoppler ultrasonography. The second ICG-VA was interpreted as satisfactory after clip modification in all cases. Additionally, in another 11 procedures (4.5%), residual perfusion of an aneurysm dome was recognized, and one or more additional clips were applied. The clipped aneurysm dome was punctured in every patient. In 2 cas-es (0.8%), hemorrhage from the sac was observed after puncture, although the sac was not filled with dye during ICG-VA (false-negative cases). Missed vessel stenosis or a compromised perforating artery after intraoperative ICG-VA appeared independent of aneurysm location and was about equally common in MCA and ACoA aneurysms. Among the 121 patients in whom postoperative DSA studies were available and compared with intraoperative ICG-VA, unexpected aneurysm remnants were found in 11 (9.1%). In 10 of these patients no treatment was administered because the remnants were small (< 2 mm). However, a 6-mm residual aneurysm was detected in 1 patient after rebleeding 12 days after surgery, although the intraoperative ICG-VA indicated no remnant sac (Fig.  1F ). This patient's residual aneurysm was identified and subsequently embolized with coils. Image quality did not differ in deep versus superficial locations, and no significant difference was found in the clip adjustment rate in the most commonly investigated sites, that is, the ACoA compared with the MCA.
Summary of Literature Findings
We identified 42 papers published since Raabe's 2003 description of ICG-VA. Thirteen studies were identified (3 prospective, 10 retrospective), which included statistical data concerning the clip adjustment rate and the rate of parent vessel occlusion or perforator impairment identified on ICG-VA after clip application ( Table  2) . The number of patients included in these studies varied between 14 and 190. The rate of clip adjustment as a consequence of ICG-VA results was between 2% and 38%. Aneurysm remnants were identified in 2%-61% of cases using intraarterial DSA intraoperatively or postoperatively after ICG-VA. Perforator occlusion rates identified after ICG-VA ranged between 2% and 8.1%. In our large consecutive series of 246 clipping procedures in which we performed intraoperative ICG-VA during cerebral aneurysm surgery, the aneurysm clips had to be repositioned in 9% of the procedures because of clip-associated parent vessel occlusion or occlusion of adjacent perforating arteries even though these issues were not visible using micro-Doppler ultrasonography. Additionally, in 4.5% of the procedures, one or more clips were applied because residual perfusion within the aneurysm dome or neck was detected by ICG-VA. Moreover, postoperative DSA demonstrated unexpected residual aneurysms at the neck region in 9.1% of successful clip applications guided by intraoperative ICG-VA. All residual aneurysms except one were small (< 2 mm), and a large 6-mm residual aneurysm led to early rehemorrhage and needed emergency retreatment.
Discussion
Clip Adjustment and Residual Aneurysm Rates
Indocyanine green videoangiography was described by Raabe et al. as a technique for intraoperative real-time analysis of blood flow within cerebral arteries and veins to assess vessel reconstruction during and after intracranial aneurysm clipping. 18 In recent years, collateral circulation patency was successfully assessed using this technique during surgery for complex vascular and neoplastic lesions or during extracranial-intracranial bypass surgery. 6, 10, 15 By applying ICG-VA during aneurysm surgery, parent vessel stenosis or occlusions of small perforating arteries can be detected and resolved in a period of about 3-5 minutes by replacing the clips during surgery. Therefore, postoperative ischemic deficits could be reduced. 9, 20 Hence, in 2007 at our institution we started to routinely use ICG-VA during surgery for cerebral aneurysms along with intraoperative micro-Doppler examination.
Generally, highly variable clip adjustment rates of 2%-38% following ICG-VA have been reported since the introduction of this imaging technique (Table 2) . 1, 5, 9, 16, 18, 20, 22, 23 Obviously, this high variance in the intraoperative benefit rate may be attributable to a low number of patients, inhomogeneous patient groups, and the nonsystematic application of the technique in previous studies. Thus, the general benefit of ICG-VA in aneurysm surgery is still under discussion. Although many detailed reports about ICG-VA application in cerebral aneurysm surgery exist, some points may need clarification since hospital economists or neurosurgical colleagues regularly question whether postoperative DSA should be performed if the intraoperative ICG-VA is uneventful. Analysis of our large collective of 232 consecutive patients and the systematic application of the technique revealed some valuable information: We found a 9% rate of clip replacement due to parent vessel stenosis or perforator occlusion and a 4.5% rate of residual perfusion of the aneurysm dome or neck leading to additional clip application. Therefore, we concluded that nearly every sixth patient profits from the application of this technique when routinely used during cerebral aneurysm surgery. Moreover, we demonstrated that ICG-VA is more accurate than neurovascular Dop- 
Indocyanine Green Angiography and Intraoperative and Postoperative DSA
Recently, the technique of ICG-VA was compared with intraoperative DSA. 19, 23 But some main differences in the two techniques make a direct comparison unfeasible. In ICG-VA, only the dissected and thus visible vascular structures within the operative field can be evaluated. 18 Additionally, in ICG-VA, the view can be obstructed by arteriosclerotic or calcified plaques within the vessel walls or simply by cisternal blood after SAH, 7, 20 which makes accurate interpretation impossible. Compared with DSA, even multiple ICG angiographic studies within one procedure are inexpensive and easy to perform and carry a very low risk of complications. No additional time-consuming procedure interrupting the surgery for catheter replacements under fluoroscopic guidance is necessary. 24 In contrast to intraoperative DSA, ICG-VA can excellently identify perforating arteries. 20 Nevertheless, intraoperative DSA remains the most reliable intraoperative tool for excluding an incompletely clipped cerebral aneurysm. 7, 23 One of the main advantages of DSA over ICG-VA seems to be easier identification of the aneurysm neck remnant. 9, 23 This fact is also confirmed by our current study. In 9.1% of the patients, neck remnants not intraoperatively detected with ICG-VA were identified on postoperative DSA. We saw this as the main drawback of ICG-VA and led to close observation of a patient group with residual aneurysms, which would not have been necessary when we used intraoperative DSA. Even one case of misclipping an ACoA aneurysm occurred in our series, which was not detected during ICG-VA and surprisingly appeared as a 6-mm dome rest perfusion in the postoperative DSA after early rebleeding (Fig. 1) . The main issue leading to this significant difference may be the inability of ICG-VA to visualize hidden parts of the parent, branching, and perforator vessels as well as undissected parts of the aneurysm dome, especially after one's ability to manipulate is inhibited by the applied aneurysm clips. Indocyanine green videoangiography seems reliable only if the complete vascular anatomy is properly dissected and the clipped aneurysm is visualized completely. These essential points seem to explain the significant discordance of up to 15% in reported rates between the two modalities. 23 As a consequence, at least after clipping complex aneurysms, postoperative DSA remains the gold standard for the evaluation of treatment success (Table 3) .
Aneurysm Location and ICG-VA Clip Adjustment Rate
In the literature review, deeper aneurysm locations, as in ACoA aneurysms compared with MCA aneurysms, seem to further diminish the benefits of ICG-VA. 7, 9 We could not confirm this finding in our series. Image quality did not differ for deep versus superficial locations; thus, no significant difference was found in the clip adjustment rate in the most commonly investigated sites, the ACoA compared with the MCA location.
Value of ICG-VA as a Substitute for Postoperative DSA
In a comparison of clip adjustment rates in our series with rates from intraoperative DSA reports, intraoperative DSA proved twice as sensitive as ICG-VA. 19, 23 Given this finding together with neck remnant rates of up to 10% with ICG-VA, 16 postoperative DSA seems indispensable for quality assurance in complex cerebral aneurysm surgery; especially in complex vascular anatomy, intraoperative ICG-VA cannot visualize all parts of the operating field after clip application. Another weakness of ICG-VA seems to be a low intravascular flow area, especially with insufficiently clipped aneurysm domes, as we found in 2 cases with clipped aneurysm domes that registered negative on ICG-VA; surprisingly, these domes bled after intraoperative needle puncture. A small residual orifice in the neck area seems to be detected only by opening the aneurysm dome and allowing free blood flow, but it is overlooked by ICG-VA because the dye cannot penetrate a small opening against the pressure of the blood within the aneurysm dome. Although such cases naturally have a high likelihood of occluding over time via thrombosis, this case nevertheless demonstrates a possible weakness of the method.
Strengths and Limitations of the Study
One of the most valuable strengths of the study is the high number of patients, who were consecutively surgically treated using the ICG-VA technique. This enabled us to gain a reliable sensitivity of the method in detecting potential dangerous complications during clipping of cerebral aneurysms. In our study, we found a stable rate of 15% for detecting compromised parent vessels or perforators or incomplete neck occlusions. On the other hand, one limitation of our study is the fact that a prospective comparison with intraoperative DSA is lacking.
Conclusions
Nevertheless, our data suggest that ICG-VA is a safe and easy-to-perform intraoperative method for evaluating compromised intravascular circulation within small or large parent and branching vessels as well as the occluded dome or neck of a cerebral aneurysm during surgery. Thus, the very low complication rate, the low costs of the technique, and the described benefit rate of nearly 15% of the procedures argue for routine application during clipping of cerebral aneurysms. In contrast, in up to 10% of patients, small aneurysm sac remnants can be overlooked intraoperatively by ICG-VA. In most cases, these small residual aneurysms may not have consequences for the immediate postoperative course but may give rise to recurrent aneurysms in the long term. We highly recommend postoperative DSA to look for significant errors in aneurysm clipping, even if intraoperative ICG-VA has been performed and especially after clipping complex aneurysms. only dissected vessels are assessable low costs compared w/ DSA (one study costs about 50€) no 360° view very low complication rate (0.0019% risk of SAEs)
Disclosure
plaques & blood obscure the assessment repetitive assessments during 1 surgery possible incorrect during evaluation of intravascular low-flow sectors clip replacement w/in ischemic threshold time possible false-negative assessment possible short interruption of surgical action no 3D reconstruction available perforator patency inspection reliable surgical manipulation during ICG-VA possible * SAE = severe adverse event.
